Particle Physics from Tevatron to LHC:
what we know and what we hope to discover

N Y

*““ CATLAS

EXPERIMENT
\ 2009-12-06, 10:24 CET

Run 141749, Event 460665
S -

'S

L Frus
. /gf :
2 . ,:‘@ ‘,'~ .,
ATLAS Barrel Torold  copmmveg ¥

W -

Beate Heinemann, UC Berkeley and LBNL
DESY, March 2010

Event with
Kg—> mtm—
Candidate




The Tools
Tevatron and the CDF experiment
LHC and the ATLAS experiment
What We Know
The Standard Model
What we hope to Discover
Higgs Boson
Supersymmetry

Conclusions



The Tools



Current High Energy Colliders

Tevatron |

\Vs=1.96 TeV



« Multi-purpose detector
— Tracking

» Silicon and drift chamber
— Calorimetry

Rt

— Muon systems

— Core detector exists

since 1985 but many
upgrades

* In particular in ~2000 for

Integrated Luminosity 8037.15 (1/pb)
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* Luminosity:
— JLdt=8 fb!
— Recently: ~2 fb/yr = -

Integrated Luminosity (1/pb)
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ATLAS at the LHC

* Inner Detector: |n|<2.5
— Silicon Pixels
— Silicon Strips (SCT)
— Transition Radiation Tracker (TRT)
— Solenoidal magnet (B=2T)
« Calorimeters: |n|<4.9
— EM: Lead/LAr
— HAD: Steel/scintillator + Cu/LAr

 Muon System: |n|<2.5
— Precision chambers (MDT and CSC)
— Trigger chambers (RPC and TGC)
— Air-core toroid magnet (JBdL=1-7.5 Tm)

« Several forward detectors
— Luminosity measurement

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
~ \ |




% ATLAS and CMS in Hamburg




ATLAS Subdetectors
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w ATLAS Pixel Detector

80 million pixels in 1744 modules:
“ 3 barrels and 3 disks

Pixel size: 50x400 um

Pixel depth: 250um

Noise Occupancy: 10-19

Hit efficiency: >99.5%

Achieved detailed understanding

with cosmic ray data (2008/2009)
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Collisions in ATLAS!!

Nov. 231- first collisions Dgc. 6t first COIIi.SionS
; — 2 N with full detector in
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- | | N IE G ATLAS =7 —
seeeeneme—"" | | L EXPERIMENT // \
EEERRE 2009-11-23, 14:22 CET

\
\‘ TTLLCL [= Run 140541, Event 171897

Tt b
Candidate }—W M' \“:\ .\““‘\“‘\M | “\“‘\““‘\ \‘“.\, 'H WT'—{

Collision Event ;

2009-12-06, 10:04 CET
Run 141749, Event 406601

Collision Event

Dec. 8" :first |G ==
Collisions at — L MW\ |
Vs=2.36 TeV

%ATLAS
EXPERIMENT

2009-12-08, 21:40 CET
Run 142065, Event 116969




Summary of Data Taking in ATLAS
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At Vs=2.36 TeV ~ 34k =1 pb

(First 2010 collisions at Vs=2.36 TeV taken on March 14t )

12



Tevatron vs LHC

Tevatron LHC LHC LHC
(2009) | (2010/2011) (>2012)

Vs [TeV] 1.96 0.9-2.36 7 14
# of colliding bunches 36 2-8 < 796 2808
Protons/bunch [107°] | 9(p)/28(p) 1 7 11.5
Energy stored (MJ) 1 <<1 <31.2 362
Peak Luminosity 3.76 x 1032 | 7x102%6 <1.4x 1032 1034
[cm2s]
Integrated Luminosity 8 fb- 20 pb 1 fb 10-100 b1 /yr

* Power of 2010/2011 LHC similar to 10 years Tevatron
— 3.5 times more energy
— about 10 times less integrated luminosity

— Design parameters of LHC a lot more powerful
13



Physics Cross Sections

WJS 2010

My = /o1 -9 -8 p= = P
) v - \ Q> F ratios of parton luminosities
e Xy \\\-; [ at 7 TeV LHC and Tevatron
N e— é
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%NN 1 X N P | ' N L 11
gg — g9 2x400 GeV 1000 e e s
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+ JLdt=1 fo'! at LHC already x (GeY)
competitive with 10 fb-! at Precise understanding of
Tevatron for many physics Proton composition thanks
to HERA

processes 14



What We Know



Fundamental Particles and Forces

The Standard Model
 Matter

— is made out of fermions

 Forces
— are mediated by bosons

* Higgs boson
— Plays critical role
— Not found yet

Standard Model very successful in

describing all data from collider experiments
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 Measurement agrees well the theoretical prediction
« Largest uncertainties due to parton distribution functions at
high x

— Improves when using these data to constrain high-x gluon
17



W and Z production

NNLO Theory (MSTW Eur.Phys.J.C63:189-285,2009)
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proton

Experimental precision about 2% (syst.)® 6% (lumi)
— test NNLO QCD predictions (precision also ~2%)

— Could also be used for calculation of luminosity (if theorists agree)
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Z+b-jet Cross Section [t

« Z boson and b-jet

~ Related to Higgs Physics s S M
— Rather rare process in SM g 200F- j [(Jorel-YanMC 3
O(Z+b-jet)/0(Z)=0.332+0.068 % & = et
 Measured cross section versus - . -
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— Data agree well with theory s = :
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Testing SM at LHC

arxXiv:1003.3124vl1
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 Minimum Bias physics
— Tune MC models
— Luminosity measurement
— High pileup
— Understand detector
« Top physics

— Starting with L>10 pb-" 20



What We Hope to Discover




The Higgs Mechanism

1964
— P. Higgs
— R. Brout, F. Englert

* New scalar self-interacting
field with 4 d.o.f.:

A
V(P) = Z(
» Ground state: non-zero-value
breaks electroweak symmetry _
generating <‘I’U> C "U/\,/?, where v = 246 GeV.
— 3 Goldstone bosons: W# ,Z,
— 1 neutral Higgs boson

T 1,,2\2
b'Pd — 5V )

. _ Vv X
 Masses of fermions m me=g, — :

- f V2
proportional to unknown :
Yukawa couplings g; ;gf

22 fermion




Where is the Higgs boson?

* Precision measurements at Tevatron, g
LEP and SLC of W ;
o4 o\ °

— M,, =80.399 * 0.023 GeV/c?
- m,,=173.1 11.2 GeVic?

— Z-boson properties 80.5 T ﬁ;?gh & oxcoptm T,
68% CL
» Prediction of Higgs boson mass within
SM due to loop corrections
— M, =87*35_, GeV > _
~ M,<157 GeV at 95% CL O g0.4- M (LEP2, Tevatron)
= _
- Direct limits at 95% CL =
— LEP: M >114.4 GeV
— Tevatron: M;<163 or M;>166 GeV |
803 Excluded -
10 102 10

m, [GeV]
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Tevatron Higgs Search
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Search for ZH— I'I bb

Q Z <
. 2 : %35; CDF Il Preliminary [Ldt=0.97 - 1.02 fb™
* Low mass: /M S N J
: a " o S0 —
- ZH and WH Wlth H%bb b éZSj Standard Model Backgrounds
— Higgs boson expected as peak “ ZH -~ Ibb X 100 (M, = 120 GeVie)

in bb invariant mass 5

 High mass: "N 1o
— H—=WW with W—Iv g

| L
50 100 150
24
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Tevat

----- Expected o
w——  Observed
.| +1c Expected

+2c Expected

95% CL Limit/SM
o

November 6, 2009

100 110 120 130 140 150 160 170 180 190 200
m,,(GeV/c?)

« Combine CDF and DO analyses from all channels at
low and high mass

— Exclude m;=163-166 GeV/c? at 95% C.L.
— m,=120 GeV/c?: 95% CL limit / SM=2.8
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Higgs Production at the LHC

M Splra et al

L (L | L BN B L LN LN LN RN BN R
t HO 102 \ (pp—> ) 1107
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W, Z bremsstrahlung

dominant: gg— H, subdominant: Hqqg (VBF)
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Low Mass Higgs at LHC

ATLA

Suanal

Irreducible bkg

Reducible bkg
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[ Pixel
[1Beam Pipe

" Large background qg—yy and from jets (with 7t®—yy)
" Mass resolution is key: requires brilliant calibration
" At least 1 photon converts in 50% of events
® Important to understand detector material
VBF: Hqg—ttqq also very promising and important channel




Photons and Conversions in 2009
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Higgs Discovery Prospects

Vs=14 TeV Combination of 0j and 2j, H to WW to II

o 18 = m,, = 130 GeV o
o C -1 H
§ ATLAS —— Combined 8 - 11fb
Q16 - L 2z > 4 cE m,, = 160 GeV v
IS L=10fb H O m, =170 GeV *
I e T = 61—
B WWO0j — evuv < E
g 12 WW2j— evuv Ug)) 5 E" _______________________________________________________________________
x
® 10 |- -
41—
8 -
I 3E
O B A N _ -
4+ 20
2 + 1= . :
- ATLAS preliminary estimate
O L L L 1 ! 1 | 1 1 | 1 | | | 1 | 1 | 1 1 1 | 1 1 | | 1 | 1 | 1 |
100 120 140 160 180 200 220 2 4 6 8 10 12 14
m,, (GeV) \'s (TeV)

« Sensitivity best for M,,=150-180 GeV/c?

— Mostly provided by WW decay channel
— Improve upon current Tevatron sensitivity with L=1 fb-"

« At low mass require more than 10 fb-"

— Cannot be addressed with the 2010/2011 LHC run .



What if there is no Higgs Boson?

W W w W ow w 4 R U: E;*
::}{i }E}i }Z{ T M Cancellation of terms
w* w' w* wow' ! w'

it Higgs boson exists
R w Y with M;;<800 GeV/c?

« W, W, cross section increases with energy

- Violates unitarity at Vs~1.4 TeV!
 Thus some new physics must be there

— E.g. W bosons are composite
 similar to pion-pion scattering in 1960’s

Something New Has to be Found at LHC
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Supersymmetry



The Hierarchy Problem

t
"M obs — M H bare T A7”‘1‘0]) T .. ___H___Q___H___

h 1 5 t
and .A”?f op _() t ~ _J.[i'p

9
‘.I:M 7 }’Ir

* Unnatural fine-tuning

— If no New Physics (NP) up to M,
* r=l/Mp,

— Free parameter m,, ., Needs to be “fine-tuned” by 107’ to
cancel huge correction of top loop

« Can be solved by new particles with My, =1 TeV
— Already quite bad for M, =10 TeV Amy,, Myp

Amypey  Mpr 17
Muobs  Mw

~ 10?

M obs Mw
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Analogy in Electromagnetism

» Electron mass problem: . Murayama

_ 1 €2
— Free electron has Coulomb field: AEcoulomb = 7=

— Mass receives corrections due to Coulomb field:

: 2 2 /
o (mec®)obs = (MeC”)pare + AECoulomb-

« With r,<107 cm:  AFEcouiomb

M2

~6-10°

 Solution: the positron (pair production) [pirac, Weyi]

3oy h
AFE = AEcoulomb + AEpair — 4__777-6(52 log

T MeCTe

Y- &) ~ )
~ 9(/(;:»772.-6(?“ for Te = éPlanck

Problem was solved by new particles:
anti-matter



Paul Dirac’s View of History

When I first thought of the idea I thought that this
particle would have to have the same mass as the
electron, because of the symmetry between positive
and negative masses and energies which occurs all the
way through this theory. But at that time the only
elementary particles that were known were the elec-
tron and the proton. I didn’t dare to postulate a new
particle. The whole climate of opinion in those days
‘was against postulating new particles, quite different
from what it is now. So I published my work as a
theory of electrons and protons, hoping that in some
unexplained way the Coulomb interaction between the
particles would lead to the big difference in mass be-
tween the electron and the proton.

Of course [ was quite wrong there and the mathemati-
cians soon pointed out that it was impossible to have
such a dissymmetry between the positive and negative
energy states. It was Weyl who first published a cate-
gorical statement that the new particle would have to
have the same mass as the electron. The theory with
equal masses was confirmed a little later by observa-
tion when the positron was discovered by Anderson.




What is the Dark Matter?

10
Radius (kpe)

i
i |

matter o
—~n=40.39
— 5.707"¢

—0.6°
all atoms ).61




Supersymmetry (SUSY)

Standard particles SUSY particles

Quiarks 0 Loplons 0 Force particles Squarks

« SM particles habe supersymmetric partners:
— Differ by 1/2 unit in spin
 No SUSY particles found as yet:

— SUSY must be broken
— breaking mechanism determines phenomenology 36



SUSY can solve some problems

No (or little) fine-tuning required t
— Relies on stop mass being not too high ___H___Q___H___
. . hE 5 1
Amf‘op + A'rn.;)mp = —04 7; 5 (m‘t«2 — m?) log = 'm.? t
P
Unifications of forces possible Wtk }” H
N\
— SUSY changes runningof ~ TTTTTTT i
couplings

Dark matter candidate exists:

— The lightest neutral partner of the
gauge bosons e

30

20 -

ok - with SUSY

Mass of supersymmetric particles o -+l ool ooy

0 10° b 10"

must not be too high (~1 TeV) Energy in GeV
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A Typical Sparticle Mass Spectrum

5 Higgs bosons

— M, <135 GeV/c?
Squarks and gluino heavy
— Stop lightest
Charginos + neutralinos
lightish

— Mixed statesof W, Z,y _
— Dark matter candidate: X1

Sleptons light

Mass unification at e.qg.
1076 GeV in some models
— Common mass for all

sferminons (m,) and all
gauginos (my,)

| Point SU3
- g _— - !
T g T
600_ 'If'. \\
- H+ ' ) N
—_ - H. A % X4 X2
> - fo  — Y \'\'C
1)) 3
G 4001
E —
- Ly Ty —= \‘- \"\‘f‘
s 2+ A1
200F . e
- thhTpR=——=a2=____ »
| h—— S—
O 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1

J=0 J=1/2
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Sparticle Cross Sections

Tevatron
10 ¢
S o, [pbl: pp —88. 4. 1,1, 7571 V. %72, 713
< NLO
9 ﬂ : LO
N \
8 10 l ﬂ i
% . f
)] \ .
@) 2 \ \
= 10 \
@ AN
; ﬂ ﬂ \ ﬂ m [GeV]
10) '

100 150 200

 Most sensitive analyes at Tevatron:

250 300 350 400 450 500

10|

10 2|

10 |

10

[HC TI.Plehn, PROSPINO

. yod aa 117 99t v 9V SV
o, pbl: pp = 88.49. 4,1, 75K, - V. 158, 759

[T

N

VS =14 TeV

ﬂ 205 NLO

- LO

ﬂ m [GeV]

100 150 200 250 300 350 400 450 500

« Chargino-neutralino production: 3 leptons +ﬁT

« Squarks and gluinos: jets + %
* Most sensitive at LHC:

« Squarks and gluinos: jets (+leptons) +E/T

39



3 leptons + Z

Produce Charginos and
Neutralinos:

— Mixed states of SUSY partners of
W, Z, photon and Higgs bosons

— Directly probes their couplings

Limits of up to 140 GeV on
chargino mass
— Very model-dependent though

— The hard limit from LEP is 103.7

GeV

Not a discovery channel at
early LHC

— But critical for understanding SUSY

model

Phys. Rev. Lett. 99, 191806 (2007).

N events /5 GeV

Search for ¥, , — eu++X

‘ +- Observed
—o-

B Fake leptons
CDF

Drell-Yan +y
I Dibosons
tt

— SUSY

0O 10 20 30 40 50 60 70 80
Missing Transverse Energy (GeV) 40



* Cross section nearly model-independent

~ for m(g)=400 GeV: 641c(39) Oreyaton(99)=20,000 |
— for m(a)=400 GeV: 0_LHC(aa)/ O'Tevatron<(v:lc~|)z'I ,000

 Since there are a lot more gluons at the LHC (lower x) ke
q —q q \q
g R, _—d . g -
* At higher masses more phase space => decay In

cascades
— Results in additional leptons or jets ~o

— Very model-dependent -~ ?7 1% T X(l
\ 41



Search Analyses: 0, 1, 2.. leptons+jets

IIIIII IIIIIIIIII]IIIIIIIIII IIIII—
ATLAS
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> 103 SM BG => = all BG 3
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& L1 QCD | o [ 4 T O QCD i
- 10 g Di-boson 3 " ; “‘“T ] o Di-boson i
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« Signal can appear in many search
> LRI I ELELLL R e
. @ ATLAS Preliminary 3
analyses simultaneously © -
s \'s=2.36 TeV |
— Depends on model details o ]
LU

— Important to do all of them e

* Top is most severe background in
general
e 0

* Missing E; well understood in e (Ge]
2009 data 2




luminosity [fb]

-
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LHC SUSY Discovery Reach
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LHC centre-of-mass energy [TeV]

Current limits (Tevatron):

— m(g)>300-400 GeV/c?
— LHC will surpass with ~0.1 fb-"

With 1 fb™! at 14 TeV:

Sensitive to m(g)<0.5-1.5 TeV/c?

m,» [GeV]

;.‘31 Lspl T I AZITILIA ISI L ] LI L |4 pltsl 0] Ielp{oh L ]
1000?_ w4 jets 1 lepton
5 ¢ discovery , mimiin 4 jets 2 leptons 0S4
| MSUGRA tan (i = 10 mumn 1 jet 3 leptons -
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’ 'f" -u,.‘.. — _1
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3rd generation Squarks

2 _J‘ 2 2 2 a2 \2 An2( / _ 2\2
m; = 5(772& +m; ) F 4\/(772& - m.fR) + 4m;(A; — ptan 3)

Baer et al. (1990), Hisoni et al. (2002),

Tohari and Wells (2006), Acharya et al. (2009)

« 3rd generation is special: |
— Masses lower due to large SM mass 5 _ _ \

v _

« Particularly at high tanp l t ~Nt ¢
g g t _

q t Lo //t

« Spectacular signature 7
- b-tagglng Cr|t|Ca| CDF Run Il Preliminary _['-dt=2~5 fo

— could dominate at LHC £ o[ Twoiclusive btags
« Important to understand flavor content of @ [ . CBFpata MO0
any eventual signal Z g Sronosons
. L |:|Mistag!s B
 Current constraints are about gp T e s
— M(b)>230 GeV and M(t)>150 GeV £
« Depending strongly on masses of neutralino [
and gluino 2 £
0 I I ;. [

15 -1 05 0 05 l 1 .“1.5
NN Output



First B-tags in ATLAS

Swcondary /o Decay distance - loose SVO selection
vertex o5 1 Non-diffractive
\ Ly 4 of b: - minimum bias MC

e Data 2009 (\\'s = 900 GeV)

Primary P i _~ i
v o ct=0.5 mm 200

# 15; ATLAS Preliminary
prompt tracks z X -

Number of vertices / 0.01 GeV

* Vertex tags in 900 GeV
data

I#ﬂ—&l— + ._‘_+ wtiw

84 045 05 055 06 065 07 075 08

— Remove vetoes against Vertex mass [GeV]
KO, A%, material . =1 xberinen
interactions X A gt

Lifetime = 3.1 ps
Vertex mass = 2.5 GeV

— Good agreement between V= s
data and MC | | 4

 May have seen first b-jet
in ATLAS
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What Else?

[Hitoshi Murayama]

3’ “;* ety L
tC TR | earater . NOT (€T . Y‘Qﬁ
_x
: Tevant {et Rt
‘

Need to be open-minded for searches for new physics
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Concluding Remarks

21-Mar-2010 10:41:39 Fill #: 973 Energy: 450.1 GeV I(B1): 1.55e+08 I(B2): 6.92e+07

ATLAS ALICE CMS LHCb

Tevatron has probed Standard
Model in great depth T e oo

BKGD 1 0.002 0.014 0.001 0.131
BKGD 2 0.000 0.000 0.002 0.050

L] L]
— Precision SM measurements BKGD 3 0000 0.005 0002 0038
LHCf Count(Hz): 0.000 |LHCb VELO Position Gap: 58.0mm | TOTEM:

Performance over the last 12 Hrs

— Direct searches

The LHC era has started! M mL 1l

— Detectors are operating well S
Excellent Prospects for finding e.g.
— Higgs boson (or something else)

— Supersymmetry
* if it solves the hierarchy problem...
— A surprise!
« extra dimensions, new generations,...

Full LHC/sLHC and LC needed to
understand underlying theory 47




LHC Beam Parameters: 2010/2011

Ste Phase N | Nymax| Neot/Neat™™ 1 g vy L
P b [0/01 beam [cm'25'1]
Beam
2/3 |commissioning 51010 2| o.01 0.02 3.6x1028
- respecting
safe beam limit
Pilot physics -
3 |squeeze to 3x1010 43 0.4 0.7 1.7x1030
target values
4 5x101° 43 0.7 1.2 4.8x1030
5 5x101%| 156 2.4 4.4 1.7x1031
5/6 7x101°| 156 3.3 6.1 3.4x103!
Bring on
7 |crossing angle - | 7x1010| 144 3.1 5.7 2.5x1031
truncated 50 ns.
8 5x10i° 288 4.4 8.1 2.6x1031
8/9 7x101°| 432 9.3 17 7.5x1031
9 7x101°| 796 17.1 31.2 1.4x1032

M. Giovanozzi, Evian, January/2010

48




Mass Unification in mSUGRA

600 ;
500
400 g
300 ;

200

Running Mass (GeV)

100 F

100 £ H, /

-200 "
| .l\14.ll.lll.ll.A.lJ.llAlil.llll.ll.llA\14.ILIAAll.lIA.lJ.AAX.All. 14.11:
ol 3 4 5 6 7 8 9 10 11 12 13 14 15 [6 17

log,,Q (GeV)
‘ewk scale ‘ ‘GUT scale ‘

« Common masses at GUT scale: my; and m,,
— Evolved via renormalization group equations to lower scales
— Weakly coupling particles (sleptons, charginos, neutralions) are lightest

-




Some CDF Subdetectors




CDF Combined Higgs Result

CDF Run Il Preliminary, L=2.0-4.8 fo™

----- H—-WW 0S 4.8 1b™" Exp
— Combined Obs

E II|IIIIllIllIIIII]IIllIIIIIIIIIIIIIIIIIIIIIIIII

) - ———  WH4+ZH-jjbb 2.0 fb™' Obs ———  WH:ZH—bbMET 36 tb™ Obs

= 3 LEP . .. WH+ZH=jibb 20" Exp  ====- WH+ZH—bbMET 3.6 ib™ Exp

- — - o -1 ——— | -1 p—
£ 10 * | Excl. ——  How20m"0bs WH-Ivbb 436" Obs =

— - === H-tt20fb"Exp == ===== WH—lvbb 4.3 fb™ Exp ]

—d - ———  ZH-llbb4.1 ib™ Obs ———  HoWWIlowMIl481b" Obs -

- [ e ZHolbb41tb ' Exp 00 === HoWW lowMll 4.8 b Exp |
° oo 4.0 . - J

o~ 2 ——  HoWWO0S481" Obs

0 10

(o]
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; Nov?mber 6, 2009
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100 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)

« Combination of many analyses results
— M_>130 GeV/c?: mostly constrained by WW channel

— M,<130 GeV/c?: mostly constrained by WH and ZH analyses 5



